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Infrared absorption spectra of SrTiOs have been measured under above-band-gap photoex- 
citations to study the properties of photogenerated carriers, which should play important roles 
in previously reported photoinduced phenomena in SrTiOs. A broad absorption band appears 
over the entire mid-infrared region under photoexcitation. Detailed energy, temperature, and 
excitation power dependences of the photoinduced absorption are reported. This photo-induced 
absorption is attributed to the intragap excitations of the photogenerated carriers. The data 
show the existence of a high density of in-gap states for the photocarriers, which extends over 
a wide energy range starting from the conduction and valence band edges. 
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Structural, electronic, and magnetic changes in solids 
induced by photoexcitations have attracted much in- 
terest recently, since a photoexcitation technique allows 
one to control these properties in unique manners that 
cannot be achieved by varying other external parame- 
ters such as temperature, pressure, electric and magnetic 
fields. 1 One of such photoinduced phenomena is an en- 
hancement of dielectric properties under photoexcitation 
in a range of dielectrics called "quantum paraelectrics" , 
a most well-known example of which is SrTiC>3 (STO). 

STO is an insulator with a band gap of about 3.2 eV. 
Upon a photoexcitation above the band gap energy, it 
gives a broad photoluminescence (PL) band between 1.6 
and 3.0 eV. 2 ' 3 The Stokes shift between the absorp- 
tion edge and the center of PL band is about 0.8 eV, 
showing that the photogenerated electron-hole pairs ex- 
perience large energy relaxations before recombination. 
Time- resolved PL 4,5 and spectral hole burning 6 experi- 
ments of STO have shown that the photogenerated car- 
riers (photocarriers) reach a localized state before re- 
combination, which has been discussed in terms of self- 
trapped cxcitons, polarons and strong electron-lattice 
coupling. 3-6 Figure 1 illustrates the situation in STO ex- 
pected from these optical results. STO is also well known 
for a high photoconductivity. 3, 7 According to photo-Hall 
studies, the majority photocurrent carriers are negatively 
charged, with a mobility as high as 10 4 cm 2 /Vsec at 
5 K. 8,9 Regarding the photocarriers in STO, it has been 
debated how their high mobility shown by transport ex- 
periments and their localized characters shown by optical 
experiments can be understood in a consistent manner. 10 

STO has a large static dielectric constant of t\ ~ 200 
at 300 K, which further increases upon cooling, reaching 
~ 20000 at 4 K. In spite of the extremely large ei, STO 
remains paraelectric down to 0.3 K due to a quantum 
paraelectricity. 11 Recently, it has been found that the 
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static dielectric constant of STO remarkably increases 
under photoexcitations above the band gap energy. 12 ' 13 
It is likely that the photocarriers also play an important 
role in this phenomenon, but its microscopic mechanism 
is not clear yet. 

In this work, we study the infrared absorption in STO 
under photoexcitation, to probe the properties of pho- 
tocarriers. A broad absorption band has been observed 
over the entire mid-infrared under a photoexcitation at 
3.4 eV. This photo-induced infrared absorption is at- 
tributed to intragap excitations of carriers by the in- 
frared photons, rather than to their Drude response. The 
present results demonstrate that there are a high density 
of in-gap states for the photocarriers, and that the in-gap 
states are distributed over a wide energy range reaching 
the band edges. 

The single crystal sample of STO, purchased from 
Earth Chemical Co., Ltd., was initially a plate of 0.5 mm 
thickness, with polished (110) faces. To avoid detect- 
ing internally reflected light beam, one of the two faces 
was further polished to create a wedge of about 3 ° be- 
tween them. The IR transmission of STO under pho- 
toexcitation were measured at the beam line BL43IR of 
SPring-8, 16 using a Fourier-transform infrared interfer- 
ometer and a HgCdTe detector. The UV photoexcita- 
tion was provided by a frequency-doubled, mode-locked 
Thsapphire laser operating at 84.7 MHz. The photon en- 
ergy (wavelength) of the laser was set to 3.4 eV (365 nm), 
which was well above the band gap energy (3.2 eV) of 
STO. Special care was taken so that the IR beam arising 
from the reflection off the rear surface of the sample was 
rejected, and that the excitation laser beam covered the 
entire (2 mm diameter) area of the sample through which 
the IR beam transmitted. The PL of the same sample was 
measured using the same laser source. Furthermore, the 
reflectivity spectrum R(to) of the same sample was mea- 
sured at photon energies 0.01 - 30 eV (without photoexci- 
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tation). The dielectric function e(w) and the absorption 
coefficient a(co) were obtained by Kramers-Kronig (K- 
K) analysis of the measured R(uj). 17 The experimental 
details of the R(to) measurements were similar to those 
reported elsewhere. 18 

Figure 2(a) shows the infrared transmittivity spec- 
trum T(u) of STO at 8 K without photoexcitation. Here, 
T(uj) is defined simply as the transmitted IR spectrum 
with the sample divided by that without the sample. 
The strong absorption below ~ 0.15 eV is due to op- 
tical phonons. The dips observed at 0.22 and 0.27 eV 
were previously discussed in terms of defect-related ab- 
sorption. 14 When a UV photoexcitation was made on 
the sample, T(oj) was observed to decrease slightly, i.e., 
a photoexcitation induced an additional IR absorption 
in STO. Figure 2(b) plots the measured photoinduccd 
IR absorption (PIA) spectrum A{lo) at various temper- 
autres. Here, A{uj) has been defined as 



A(w) 



T on (uj) - T off (cj) _ _ T on (uj) 



T s 



T off H' 



(1) 



where T on (ui) and T s(lo) are T(ui) spectra measured 
with the excitation laser on and off, respectively. It is 
seen that a broad absorption band has been induced by 
the photoexcitation over a wide energy range. Although 
not shown here, the absorption persisted up to 2 eV 
(the high-energy limit of our measurement), in agree- 
ment with a previous report. 6 In addition to a broad 
component rising toward lower energy, a shoulder is ob- 
served at 0.23 eV [indicated by the arrow in Fig. 1(b)]. 
This shoulder becomes clear only below 100 K. When the 
laser was turned off, the absorption disappeared immedi- 
ately. The temperature below which the PIA appeared, 
about 130 K, well coincided with that below which the 
PL was strong enough to be observed by the naked eye. 
Figure 2(c) shows A(w) at 8 K recorded under different 
laser powers (Piaser)- The appearance and growth of PIA 
with increasing Pi asor is very similar to that with decreas- 
ing temperature in Fig. 1(b). Figure 2(d) compares A(ui) 
at 8 K with the temperature-induced absorption with- 
out photoexcitation, 1-T(20 K)/T(8 K). The photo- and 
temperature-induced absorption spectra are apparently 
very different; i.e., the PIA is not due to a sample heat- 
ing by the laser. Similar measurements were also made 
in a reflection geometry. The R(oj) spectra of the same 
(wedged) sample showed almost negligible photoinduccd 
change. However, R(w) of another STO sample without 
a wedge exhibited a photoinduced decrease (not shown 
here) very similar to A(lo) in Fig. 2. In this case R(u>) 
contained the IR beam reflected from the rear face of 
the sample (hence going through the sample). These re- 
sults demonstrate that the observed PIA results from the 
photocarriers inside the sample, rather than a change in 
R{oj) at the surface. 

We have measured detailed temperature and Pi ase r de- 
pendences of PIA. To quantitatively analyze the data, 
we integrate A(u) between 0.18 and 0.55 eV, and use 
the integrated intensity as a measure of the PIA. The 
time-averaged intensity of PL was also recorded using 
the same laser source with the same (3.4 eV) photon en- 
ergy. (A Si photodiode detector was used without a spec- 



trometer, so that the total PL intensity in the 1.1-3.2 eV 
range was recorded.) Figure 3 summarizes the results, 
where the intensities have been normalized to the maxi- 
mum value in each graph. The PL intensity is almost con- 
stant below 35 K, but it decreases rapidly above 35 K, in 
agreement with previous report. 6 Then the PL intensity 
shows a plateau at 70-90 K range. In contrast, the PIA 
decreases more gradually with increasing temperature, 
with two plateaus at 30-50 K and 70-90 K ranges. Above 
70 K, the PL intensity is only ~ 5% of the maximum 
intensity, while the PIA is still 30% of the maximum. 
Note that both PIA and PL have a plateau at almost 
the same temperature range of 70-90 K. Regarding the 
-Piascr dependence, the PL shows almost linear depen- 
dence, although the slope is slightly larger at low-power 
region below 0.2 W/cm 2 . On the other hand, the PIA in- 
creases much more rapidly with Pi aser below 0.1 W/cm 2 
than above. Namely, the dependences of PIA and PL on 
the temperature and P aser share some common features, 
but they are quantitatively very different. 

Now we shall consider possible mechanisms by which 
the photocarriers give rise to the observed PIA. Since 
STO shows high photoconductivity with a mobility 
reaching 10 4 cm 2 /Vs, 8 ' 9 an apparent possibility is a free- 
carrier absorption. Below, we use the Drude model to cal- 
culate the absorption coefficient «dM due to free carri- 
ers having a density n and an effective mass m* . The real 
(ei) and imaginary (e 2 ) dielectric functions are expressed 



ei(w) = eoo - 



LU 2 +T- 



62 (w) = 



LU 2 +T- 



(2) 



where eoo is the contribution from higher-energy inter- 
band transitions, u> p — Aime 2 /m* the plasma energy, 
r the average relaxation time of the carriers, and u> 
the photon energy. Coo — 6.9 was obtained from the 
ci(uj) given by the K-K analysis of the measured R(u>). 
t was estimated from the previously reported value of 
/i=10 4 cm 2 /Vs at 5 K, 9 assuming the free carrier relation 
/i = er/m*. Then e\ and e 2 can be calculated through 
Eq. (2) for given values of m* and n. The imaginary re- 
fractive index is given as k — ei + \Ai + e 2 ] 1 ^ 2 , 
and the absorption coefficient due to free carriers is fi- 
nally obtained as a^> = (47r / 'c)un. 17 In a photo-Hall ex- 
periment, 9 n ~ 5 x 10 14 cm~ 3 has been obtained under 
a photon flux density of 2 x 10 16 cm~ 2 sec -1 , assuming 
that the photocarriers are uniformly distributed within 
a plate of thickness t—\Q /im. Our maximum photon flux 
density is ~ 5 x 10 18 cm~ 2 sec -1 , hence the correspond- 
ing n could be ~ 10 2 times larger than the above value 
for the same value of t. The penetration depth at the 
laser photon energy (3.4 eV) was ~ 0.2 /urn from the ab- 
sorption coefficient of STO at 3.4 eV (~ 5 x 10 4 cm" 1 ), 
obtained from the K-K analysis of measured R(ui). Since 
the photocarriers have a high mobility, t may be larger 
than the penetration depth of the laser, but t=10 ^m 
might be an overestimation. If a value of t=l /im is used 
instead, n becomes 10 times larger than that in Ref. 9. 
Taking into account these effects of P asor and t, we es- 
timate n to be 10 17 — 10 18 cm~ 3 for the maximum laser 
power in this study. Figure 4(a) shows od(w) calculated 
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for m* = m and n=10 17 , 10 18 , and 10 19 cm" 3 . Re- 
garding to*, no data are available for photocarriers in 
STO, but to* = 5 — 20 to have been reported for chem- 
ically carrier-doped STO. 15 Using these values instead 
of to would further reduce «d compared with those in 
Fig. 4(a). 

Next, we will estimate the absorption coefficient due 
to the photocarriers, a ph (uj), using the present PIA data. 
We again assume that the PIA occurs within a plate of 
thickness t. Then one may express the experimental data 
in terms of a p h as: 

T n = T oS exp(-a ph i) (3) 

Figure 4(b) plots a pn (oj) obtained using Eq. (3) and 
the A(ui) spectrum at 8 K under Pi asor =1.3 W/cm 2 for 
t=l /im. [a p h for t=10 /zm is, for example, simply 0.1 
times that in Fig. 4(b).] Comparing Figs. 4(a) and 4(b), 
it is clear that the free-carrier absorption for the values 
of n and t expected for the current study is too small to 
account for the observed PIA. 

Having seen that a Drude response of photocarriers 
cannot account for the PIA, the most likely mechanism 
for the PIA should be excitations of photocarriers to 
above (below) the conduction (valence) band edge, as 
schematically shown by the process (4) in Fig. 1. In 
this case, apparently the intensities of PL (Ipl) and 
PIA (7pia) should be proportional to the time-averaged 
photocarrier density n. However, there should be other 
factors affecting Jpl and Jpia, since they have differ- 
ent dependences on the temperature and Pi aS cr as ob- 
served in Fig. 3. Suppose that a laser pulse initially cre- 
ates no photocarriers, which subsequently decay with a 
mean lifetime of t. 6 Here, r includes both radiative (r r ) 
and non-radiative (r nr ) decays, t -1 = t^ 1 + . Then 
n = (1/T) J n a e^ t / T dt = n T/T, where T is the pulse 
interval, and one obtains the following relations: 

J PL = (l/r r )n oc n r/r r , (4) 

Jpia = (l/ri r )naiioT/r ir . (5) 

Here l/r r and 1/t u are the probabilities (oscillator 
strengths) of the radiative (PL) recombination and the 
IR absorption, respectively. Hence, the different temper- 
ature and Piaser dependences of Jpl and ipiA, observed 
in Fig. 3, are probably due to different dependences of T r 
and T ir on these parameters. Below 35 K, both the time- 
averaged intensity and the mean lifetime of the PL was 
found almost constant, 6 hence n in STO should be inde- 
pendent of temperature below 35 K. Then the observed 
increase of ipiA with decreasing temperature even below 
35 K should be due to a change in 1/t u . On the other 
hand, the common feature in 7pl and IpiA in Fig. 3, i.e., 
the presence of a plateau at 70-90 K, probably results 
from the temperature dependence of n, which is com- 
monly contained in both Jpl and ipiA- 

The present PIA data show two important results: (i) 
The density of in-gap states occupied by the photocar- 
riers is high, as shown by the large magnitude of a pn 
[Fig. 4(b)]. (ii) The distribution of the in-gap states ex- 
tends continuously to the conduction and valence band 
edges, as shown by the increasing PIA toward oj=0. The 
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situation is illustrated in Fig. 5. Of course, the observa- 
tion of strong PL well below the absorption edge had pre- 
viously shown a presence of in-gap states, and its broad 
bandwidth had also shown thier distribution over a wide 
energy range. 2-4 However, it is well known in semicon- 
ductor physics 19 that even a very low density of impu- 
rities or defects may give rise to a strong PL below the 
band gap energy. In such a case, the impurities or de- 
fects would show only a weak or negligible absorption, in 
striking contrast to the present observation of large a p h 
in SrTi03. It is also well known that the PL recombina- 
tion tends to occur at a lower-energy part of the DOS 
spectrum, so that an observed PL spectral shape does 
not necessarily show the true spectral shape of the PL- 
emitting DOS. Since A(u>) increases with decreasing lu 
down to the lowest measured energy, it is likely to keep 
increasing as u) approaches zero. Namely, the in-gap DOS 
should extend to the band edges as shown by the thin 
solid curves in Fig. 5, in contrast to what would be sug- 
gested by the PL spectrum alone (dotted curves). 

The present results do not explicitly show whether or 
not the photocarriers giving rise to the PIA are local- 
ized. However, previous results of time-resolved PL ex- 
periments 4-6 strongly suggest that, after a photoexcita- 
tion, the photocarriers quickly relax in energy to local- 
ized in-gap states, from which the PL recombinations 
take place. As shown by the present study, the density 
of these in-gap states is quite high. Therefore, it is very 
likely that the photocarriers are mobile only for a short 
time period right after their generation, and that they 
occupy the in-gap, localized states for the rest of their 
lifetime. This is equivalent to stating that only a small 
fraction of the photocarriers are mobile at a given time. 
To actually study how the photocarriers relax in energy 
as a function of time, it would be necessary to perform a 
time-revolved PIA experiment. Note also that one cannot 
distinguish contributions by the electrons from those by 
the holes in the present PIA study. Although the spectra 
in Fig. 2 show two distinct spectral components, namely 
a broad component rising toward lower energy and a 
narrower one peaked at 0.23 eV, it is unclear whether 
or not they correspond to electrons and holes. A time- 
resolved PIA experiment might reveal different tempo- 
ral dynamics corresponding to electrons and holes, since 
the conduction electrons in STO, having a strong Ti 3c? 
character, 20 are expected to experience a stronger elec- 
tron correlation and a stronger electron-phonon coupling 
than the holes having an O 2p character. 

In conclusion, SrTiOa has shown a broad photoin- 
duced absorption band over the entire mid-IR region un- 
der an above-band-gap photoexcitation. Their detailed 
energy, temperature, and excitation power dependences 
have been reported. The photoinduced absorption has 
been interpreted as arising from excitations of photocar- 
riers to the conduction and valence bands. The present 
result shows that there is a high density of in-gap states 
available for the photocarriers, and that they are dis- 
tributed over a wide energy range extending to the con- 
duction and valence band edges. In considering the prop- 
erties of photocarriers in SrTiOa, these results should be 
taken into account in addition to the previous photo- 
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luminescence results. A time-resolved photoinduced IR 
absorption experiment is proposed as a future study to 
further clarify the temporal relaxation of photocarriers. 
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Fig. 1. Processes in SrTiOa discussed in the text. (1) Laser pho- 
tons (/uvaser) excite electrons from the valence band (VB) to 
the conduction band (CB). (2) The photocarriers relax non- 
radiatively to in-gap states via the electron-lattice coupling. (3) 
When an electron-hole pair recombine radiatively, the photolu- 
mincscence results (/i^pl). (4) When an electron (a hole) absorbs 
an infrared photon (hum) before recombination, it is excited 
back to CB (VB). 



Fig. 2. (a) Transmittivity \T(uj)} of SrTi0 3 at 7 K. (b) Photoin- 
duced absorption A(w) under an excitation laser power (Pi aS er) of 
1.3 W/cm 2 at different temperatures, and (c) that at 8 K under 
different Pi aser 's. The vertical arrows indicate the shoulder dis- 
cussed in the text, (d) Temperature-induced and photoinduced 
absorption spectra at 8 K. For the former, the difference between 
20 and 8 K is shown. 



Fig. 3. (Left graph): Photoinduced absorption (PIA) of SrTi0 3 
integrated over 0.18-0.55 eV range and the photoluminescence 
(PL) intensity as a function of temperature under two laser pow- 
ers (-F\aser)- (Right graph): PIA and PL of STO as a function of 
^laser at 8 and 80 K. In these graphs, the intensities have been 
normalized by the maximum values. 



Fig. 4. (a) Theoretically-calculated absorption coefficient due to 
free carriers (ojd) having the effective mass m* = mo for 
three different values of carrier density (n). (b) Experimentally- 
obtained absorption coefficient due to photocarriers (a p h), de- 
rived from the PIA data at 8 K under Pi aser =1.3 W/cm 2 in 
Fig. 1 for t=l (im. 



Fig. 5. Illustration of the density of states (DOS) as a function of 
energy (E) in SrTiOa. The thick solid curves indicate the band 
edges for conduction band (CB) and the valence band (VB). The 
thin solid curves indicate the in-gap DOS for the photocarriers, 
suggested by the present PIA data. The dotted curves indicate 
an in-gap DOS implied by the PL spectral shape alone. The 
horizontal arrows represent the relevant optical transitions, and 
for the purpose of illustration the situation is assumed to be 
symmetric about the middle of the band gap. 
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